Abstract The southern hemisphere westerly winds have been strengthening and shifting poleward since the 1950s. This wind trend is projected to persist under continued anthropogenic forcing, but the impact of the changing winds on Antarctic coastal heat distribution remains poorly understood. Here we show that a poleward wind shift at the latitudes of the Antarctic Peninsula can produce an intense warming of subsurface coastal waters that exceeds 2°C at 200-700 m depth. The model simulated warming results from a rapid advective heat flux induced by weakened near-shore Ekman pumping and is associated with weakened coastal currents. This analysis shows that anthropogenically induced wind changes can dramatically increase the temperature of ocean water at ice sheet grounding lines and at the base of floating ice shelves around Antarctica, with potentially significant ramifications for global sea level rise.
Introduction
Antarctic coastal waters are characterized by a subsurface density gradient between cold, relatively fresh waters on the continental shelf and warmer, saltier waters found further offshore [Jacobs, 1991] . The deepening of isopycnals toward the Antarctic coast, known as the Antarctic Slope Front, acts as a dynamical barrier to the exchange of heat, salt, and nutrients across the continental shelf [Jacobs, 1991; Smedsrud et al., 2006] . Prevailing easterly coastal winds (which induce coastal downwelling) help to maintain the Antarctic Slope Front; the associated subsurface meridional density gradient forms the westward flowing Antarctic Coastal and Slope Currents. The coastal currents and the Antarctic Slope Front are near circumpolar, extending from roughly the Amundsen Sea (120°W) westward to the tip of the Antarctic Peninsula (55°W) [Whitworth et al., 1998 ]. The dynamical interplay between coastal winds, coastal currents, and heat transport across the Antarctic Slope Front may thus play a crucial role in global sea level rise by influencing mass loss from Antarctic glacial ice sheets [Mayewski et al., 2009] .
The intrusion of warm ocean water onto the Antarctic continental shelf causes increased melt rates at the base of floating ice shelves, a retreat of ice sheet grounding lines, and increased ice sheet discharge [Rignot et al., 2004; Pritchard and Vaughan, 2007; Pritchard et al., 2012] . Satellite observations of West Antarctica between 1992 and 2006 reveal a 59% increase in the rate of ice mass loss along the Bellingshausen and Amundsen seas and a 140% increase on the western side of the Antarctica Peninsula [Rignot et al., 2008] . The melt rates have a strong positive correlation with ocean thermal forcing: a 1°C increase in ocean temperatures is suggested to increase basal melt rates by~10 m/yr [Rignot and Jacobs, 2002] . There is growing concern that glacial ice sheets can rapidly become unstable, particularly where warmer ocean water interacts with ice sheet grounding lines [Rignot et al., 2004; Pritchard and Vaughan, 2007; Schoof, 2007] .
The scarcity of Antarctic coastal ocean observations, particularly of subsurface properties during the austral winter season, limits direct observational analysis of variability and change [Mayewski et al., 2009] . Here we use a mesoscale eddy-permitting ocean model to investigate the magnitude and causes of subsurface Antarctic coastal ocean variability on decadal time scales. A first experiment investigates the effect of recent atmospheric trends on the Antarctic coastal ocean, and a second experiment focuses on the effect of projected 21st century Southern Ocean wind changes. Figure S1 • Figure S2 • Figure S3 • Figure S4 • Figure S5 • Figure S6 Correspondence to: 
Methods

The Ocean-Sea Ice Model
Our primary tool is a global ocean-sea ice model (GFDL-MOM025) that is based on the Geophysical Fluid Dynamics Laboratory (GFDL) CM2.5 coupled climate model [Delworth et al., 2012] . GFDL-MOM025 has a 1/4°M ercator horizontal resolution with~11 km grid spacing at 65°S. The Antarctic Slope Front and coastal currents typically have widths of~50 km, except in regions of particularly steep bathymetry (e.g., Ross Sea) where the observed horizontal scale is reduced to~20 km [Chavanne et al., 2010; Jacobs, 1991] . GFDL-MOM025 has 50 vertical levels and is coupled to the GFDL Sea Ice Simulator model. Sea surface salinity is restored to seasonally varying climatology on a 60 day time scale. The model does not have ice cavities.
The GFDL-MOM025 atmospheric state is prescribed and converted to ocean surface fluxes by bulk formulae; consequently, the model does not resolve air-sea feedbacks. The atmospheric forcing is derived from version 2 of the Coordinated Ocean-ice Reference Experiments (CORE) data [Griffies et al., 2009; Large and Yeager, 2009] [Chapman and Walsh, 2007; Turner et al., 2005] (Figure S1a ) are associated with warmer near-surface waters in summer on the western side of the peninsula but with little observed impact below 100 m [Meredith and King, 2005] . Second, a positive trend in the Southern Annular Mode, associated with strengthened and poleward-shifted southern hemisphere midlatitude westerly winds since the 1950s [Thompson and Solomon, 2002] (Figure S1b) , may aid the intrusion of water onto the Antarctic continental shelf [Chavanne et al., 2010; Wåhlin et al., 2010; Hellmer et al., 2012] , alter sea ice extent and thickness [Bintanja et al., 2013] , and impact dense water formation and transport . Last, increased Southern Ocean precipitation and glacial runoff can inhibit the vertical mixing of cold surface waters with the underlying warmer waters [Bintanja et al., 2013] and are linked with freshening Southern Ocean water masses [Rintoul, 2007; Durack and Wijffels, 2010] . However, the Southern Ocean precipitation trends are weak in CORE-IAF ( Figure S1c ), and observations of Antarctic coastal runoff insufficient to include it in the 1948-2007 model forcing, so runoff is held constant.
Idealized Wind Forcing
The observed Southern Annular Mode trend is consistently projected to persist through the 21st century due to continued anthropogenic forcing [Fyfe et al., 2007; Zheng et al., 2013] . We isolate the impact of the projected 21st century Southern Annular Mode trend on the Antarctic coastal ocean in a series of idealized perturbed Southern Ocean wind simulations initiated from a control GFDL-MOM025 simulation (CNTRL). CNTRL is equilibrated for 100 years under CORE Normal Year Forcing (CORE-NYF). CORE-NYF provides a 1 year climatological mean atmospheric state at 6 h intervals, along with representative synoptic variability [Large and Yeager, 2009] .
In simulations denoted as W 4°S , W +15% , and W 4°S+15% the CORE-NYF 10 m winds between 25°S and70°S are shifted to 4°S, increased in magnitude by 15%, or both ( Figure S2 ). Simulations denoted as W 4°S (62°S-70°S) , W 4°S+15% (62°S-70°S) , and W 4°S+15% (62°S-80°S) have reduced latitudinal ranges (i.e., 62°S-70°S and 62°S-80°S) of perturbed wind forcing. The northern tip of the Antarctic Peninsula is near 62°S. Both meridional and zonal wind components are modified to prevent unrealistic decomposition of the CORE synoptic variability. Smoothing is applied within the 5°latitude of the perturbation boundaries. Anomalies are determined by differencing perturbed simulations from the concomitantly extended CNTRL simulation, with this approach acting to remove effects from model drift.
The idealized wind perturbation scenarios were guided by an assessment of the late 21st century change in Southern Ocean zonal winds induced by "business as usual" anthropogenic forcing (RCP8.5) in 32 climate models from the Fifth Coupled Model Intercomparison Project (CMIP5) ( Figure S3 ; see also Fyfe et al. [2007] and Zheng et al. [2013] ). The barycenter of westerly winds south of 20°S is shifted 3.6°S in the idealized GFDL-MOM025 wind shift scenarios. Twenty-five percent of the CMIP5 models analyzed have a mean barycenter shift of 2.9°S, and three models have a more southward barycenter shift than in our idealized approach. We avoid using CMIP5 Geophysical Research Letters 10.1002/2014GL060613 model mean wind anomalies as forcing due to their equatorward Southern Ocean westerly wind position bias relative to reanalysis data ( Figure S3 ; see also Swart and Fyfe [2012] ).
As the westerly winds shift poleward under anthropogenic forcing they reduce the meridional extent and strength of the polar easterlies ( Figure S3 ). The transition from zonal average easterly winds to zonal average westerly winds, which occurs at roughly 65°S in CNTRL, is shifted 4°S in the idealized wind forcing simulations. In the CMIP5 models analyzed the transition to zonal average easterly winds is shifted 2.5°S ± 0.5°S for the 32 multi-model ensemble mean, and 4.5°S ± 0.5°S for 25% of the models ( Figure S3 ). The zonal average wind speed anomaly averaged between 65°S and 70°S for the W 4°S (62°S-70°S) simulation is 1.44 m/s (positive westward), while it is 0.81 m/s for the 32 CMIP5 model ensemble mean and 1.38 m/s for top 25% of the models ( Figure S3 ).
The idealized wind forcings are applied as a consistent anomaly to the CORE-NYF forcing atmospheric state, and as such they do not properly account for temporal or spatial variations of the projected SAM trend. In particular, the observed spatial pattern of the SAM during summer is largely zonally symmetric, and in winter it exhibits increased zonal wave number 2-3 variability [Codron, 2005 [Codron, , 2007 . While observational data identify that the largest SAM trend has occurred during spring/summer in recent decades [Marshall, 2003] , in the future the SAM is projected to trend across all seasons as greenhouse gases take over from ozone depletion as the primary driver of a midlatitude jet shift in the Southern Hemisphere [Thompson et al., 2011] . 
Interannually Varying Atmospheric Forcing Response
To evaluate Antarctic coastal ocean properties in GFDL-MOM025 we use the 1/6°horizontal resolution Southern Ocean State Estimate (SOSE), which is optimized to match available ocean observations spanning years 2005 -2010 [Mazloff et al., 2010 . The lack of winter season observations, particularly in the sea icecovered Antarctic coastal region, may provide a bias in SOSE. When evaluated over similar years, SOSE and the interannually forced GFDL-MOM025 simulations have remarkably similar subsurface coastal ocean temperature and zonal velocity structures (Figure 1 ). This agreement includes weaker offshore temperature gradients and coastal currents west of the Antarctic Peninsula, from roughly 65°W westward to 120°W, relative to other Antarctic coastal regions. The primary differences between the model and the SOSE reanalysis are the more extensive cold water regions along the continental shelf and more intense coastal currents in GFDL-MOM025.
The difference between the 1998-2007 and 1958-1967 decadal averages in this GFDL-MOM025 simulation reveals that the subsurface coastal ocean waters, averaged between 200 and 700 m depth, have warmed by >0.5°C from 10°W westward to 180°W (Figures 2a and 2b) . The warming is strongest (>1.5°C) along the western side of the Peninsula where the Antarctic Slope Front is weak. Elsewhere along the coastline there is little temperature change at these depths, and offshore waters are characterized by cooling of <0.4°C that is commonly associated with offshore change in Ekman pumping [e.g., Fyfe et al., 2007] . Around much of the coastline the coastal currents have strengthened, except in the regions with intense subsurface warming (Figures 2c and 2d) . Within 200 km of the coastline from 10°W westward to 180°W and between 200 m and 700 m depth the net heat content change is 6.71 × 10 20 J. If this heat were exclusively used to melt grounded land ice (assuming that the grounded ice remains static, and the resulting water mass enters the ocean), then the associated global sea level rise would be 5.5 mm.
The relative importance of the different atmospheric trends and the mechanisms by which they drive a warming of subsurface Antarctic ocean temperatures are difficult to disentangle, requiring multiple singleforcing experiments and an assumption of linearity in a highly nonlinear system. Despite this challenge, features of the subsurface coastal warming response suggest that the Southern Annular Mode trend is playing a key role. First, the warming extends to greater depths than expected in response to the Antarctic Peninsula air temperature trend [Meredith and King, 2005] . Second, the warming is strongest where the Southern Annular Mode trend has reduced the easterly wind stress (Figures 2e and 2f ) and reduced the downward Ekman pumping anomalies directly offshore (Figures 2g and 2h) . However, the influence of the increased net freshwater flux (i.e., precipitation minus evaporation) in many coastal regions, particularly on the western side of the Antarctic Peninsula (Figures 2i and 2j) , might also be of importance.
Idealized Wind Forcing Response
The first-order characteristics of the Antarctic coastal ocean response to the idealized wind forcing scenarios are captured in the W 4°S (62°S-70°S) simulation, wherein the near surface winds between 62°S and 70°S are shifted 4°S. In less than 20 years of this forcing the Antarctic coastal waters, averaged between 200 m and 700 m depth, warm by over 0.5°C from 130°E westward to 110°W, with warming in excess of 2.5°C along the western side of the Antarctic Peninsula (Figures 3a, 3b, and 3c) . The warming is coincident with a weakening of the zonal coastal currents by >50% in most regions (Figures 3d, 3e , and 3f), and a strong reduction in the downward coastal Ekman pumping (Figures 3g, 3h, and 3i) . Within 200 km of the Antarctic coastline between 200 and 700 m depth the net heat content change is 3.54 × 10 21 J, which is enough energy to melt roughly 1 × 10 16 kg of ice. If exclusively used to melt grounded ice (assuming no feedback on ice dynamics), this heat would raise global sea level by 29 mm. If vertical mixing brought even a fraction of this heat to the near surface it could also dramatically reduce sea ice concentrations, with further impacts on local air-sea fluxes [Whitworth et al., 1998; Mathiot et al., 2012] . However, there is little change (<10%) in the sea ice concentration near the Antarctic coastline in response to the wind forcing ( Figure S4 ), and as discussed below, ocean heat tendency terms associated with changes in sea ice coverage are small.
This pattern of near circumpolar warming of the subsurface coastal water and weakened coastal currents is closely reproduced in all GFDL-MOM025 idealized forcing scenarios that include a poleward wind shift ( Figures S5 and S6 ). When the wind shift is extended poleward to span 62°S-80°S, warm water anomalies penetrate deeper into the Weddell and Ross seas via submarine troughs (compare Figures S5d and S5e) known to facilitate transport across the continental shelf [Hellmer et al., 2012] . In contrast, for an isolated wind strengthening scenario without a poleward shift, most of the coastal boundary undergoes only mild (<0.25°C) cooling ( Figure S5c ) and relatively little change in coastal currents ( Figure S6c ).
When viewed as a function of depth and distance from the coastline in the Amundsen Sea (120°W), Wilkes Glacier (112°E), and Fallieres coast (68°S), a consistent temperature and vertical velocity response pattern is identified (Figures 4a-4f ). The wind shift shoals the Antarctic Slope Front, increasing the subsurface temperatures by as much as 4°C across the continental shelf, shallowing isopycnals and substantially reducing or even reversing the predominantly downward vertical velocities across the continental shelf. A decomposition of the subsurface ocean heat budget at each location shows that most of the warming occurs within 5 years and is caused by horizontal and vertical advection tendencies explicitly resolved by the model (Figures 4g, 4h , and 4i). Note that the heat transport diagnostics include the effects of transients (e.g., mesocale eddies) as part of the heat tendency diagnostics calculated online. Heating tendencies associated with changes in buoyancy forcing (e.g., brine rejection and freshwater input) and those due to parameterized mixing associated with dense water formation remain small. This vertical velocity, isopycnal, and heat budget response are consistent in the coastal warming regions across all of the idealized GFDL-MOM025 wind forcing simulations.
Discussion
Pioneers of oceanography attributed the cold fresh subsurface waters observed on the Antarctic continental shelf to downwelling forced by a shoreward Ekman transport in the surface layers [Gill, 1973; Sverdrup, 1953] . The same dynamic principles can explain the simulated subsurface Antarctic coastal warming response to projected Southern Annular Mode wind trends ( Figure 5) . A poleward wind shift decreases the onshore Ekman transport and decreases the associated downward Ekman pumping near the coast. In turn, there is a decrease in sea level around the coastline [Frankcombe et al., 2013] and a decrease in the slope of isopycnals. 
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In such a case, the meridional pressure gradient weakens, the speed of the coastal current decreases, and the boundary between the cold fresh surface water near the coast, and the warmer layer below, moves upward.
Our ocean model simulations demonstrate that a poleward wind shift at the latitudes of the Antarctic Peninsula leads to an intense and rapid advective warming of subsurface Antarctic coastal waters. This warming is associated with a weakened Antarctic Slope Front, weakened coastal currents, and upward vertical velocity anomalies on the continental shelf. Coarse resolution (i.e., >1°grid) model studies also identified subsurface warming around Antarctica in 21st century greenhouse gas scenarios, with a focus on warming associated with large-scale changes in the Southern Ocean, rather than the Antarctic coastal current described here [Yin et al., 2011; Gillet et al., 2011] . Our results highlight the need for ocean model grid resolution sufficiently fine to represent the Antarctic coastal current, and for winds of sufficient resolution to affect the coastal Ekman dynamics that are fundamental to the mechanism of subsurface ocean warming identified here.
There are many observed features of the Antarctic coastal environment that are not included in our simulations that warrant further consideration. Two prominent features are katabatic winds [Mathiot et al., 2012] , which are poorly represented in the atmospheric forcing used here, and changes in surface freshwater fluxes, especially due to enhanced glacial runoff [Rintoul, 2007; Durack and Wijffels, 2010] . We also note that while Ekman fluxes are a key determinant of Antarctic coastal isopycnal slopes, they are not the only factor [Baines, 2009] . In particular, mesoscale eddies have been shown in idealized studies to play a key role in setting the stratification across the Antarctic Slope Front [Stewart and Thompson [2013] ; Nøst et al. [2011] ; Dinniman et al. [2011] ]. However, there are currently no realistic global ocean climate simulations capable of resolving the baroclinic Rossby radius on the Antarctic continental shelf, which requires finer than 1/16°h orizontal resolution [Hallberg, 2013] . Further, regional ocean-sea ice-ice shelf model studies have not found a simple relationship between wind stress forcing and ice shelf melting [Dinniman et al., 2012] .
The stability of Antarctic ice sheets and their role in sea level rise in past and future climates remains highly uncertain. However, there is growing evidence that Antarctic glacial ice sheets are rapidly losing mass and may become unstable, particularly where warmer ocean water interacts with ice sheet grounding lines [Fogwill et al., 2014; Favier et al., 2014; Joughin et al., 2014] . Given 21st century projections of the Southern Annular Mode and the mechanism outlined here by which it can intensely warm subsurface Antarctic coastal waters, current projections for global sea level rise may be significantly underestimated.
